We report a method for the purification and radioactive labeling of human TSH receptor (TSHR). The method is based on the construction of a fusion TSHR (TSHR-Xa-BIO) which consists of the N-terminal 725 amino acids of human TSHR linked to the 4-amino acid Xa protease cleavage site and the 87-amino acid C-terminal domain of the biotin carboxyl carrier protein subunit of Escherichia coli acetyl-CoA carboxylase (the C-terminal domain directs the efficient posttranslational biotinylation of the protein). TSHR-Xa-BIO was produced in HeLa cells using recombinant vaccinia virus. The expressed protein was fully functional and was biotinylated with an efficiency of about 90%. Streptavidin-agarose-immobilized TSHRXa-BIO was labeled with 125 I using the chloramine T oxidation procedure and specifically eluted from the solid phase after cleavage with protease Xa. Isolated native radiochemically pure 125 I-labeled TSHR specifically interacted with pathological autoantibodies in the sera of patients with Graves' disease, and thus could be useful for the detection of these autoantibodies by immunoprecipitation analysis.
Introduction
The thyroid-stimulating hormone receptor (TSHR) plays a pivotal role in the function and growth of thyroid cells. It is a member of a subfamily of G-protein-coupled glycoprotein receptors with a large N-terminal extracellular domain which is essential for ligand binding and has been shown to be involved in the process of signal transduction. Signal transduction by TSHR is predominantly mediated by the activation of adenylate cyclase with a subsequent increase in intracellular cAMP (Kohn et al. 1995 , Refetoff et al. 1996 , Tonacchera et al. 1996 , Misrahi & Milgrom 1997 .
TSHR has been the subject of great interest because of its role as a primary autoantigen in Graves' disease autoimmune hyperthyroidism, one of the most common human autoimmune diseases (Kohn et al. 1995 , Refetoff et al. 1996 , Tonacchera et al. 1996 , Misrahi & Milgrom 1997 . It is present on the thyroid cell surface in very small amounts (in the region of 1000-10 000 sites per cell) (Furmaniak & Ress Smith 1991) . It has been expressed in a variety of systems, but functional TSHR can be produced only in mammalian cells, both transiently and as a stable line (Perret et al. 1990 , Chazenbalk et al. 1990 , Ban et al. 1992 , Misrahi et al. 1994 , Loos et al. 1995 , and also using adenovirus (Okamoto et al. 1995) and vaccinia virus (Minich et al. 1997 (Minich et al. , 1998 ) expression systems. Because of the importance of TSHR as an autoantigen, great efforts have been made over the past few years to purify it. Despite many attempts, there are no convincing data that functional TSHR has ever been isolated in amounts satisfactory for pathological autoantibody binding and detection. Purification has been hampered by the relatively small number of TSHR molecules expressed in mammalian cells and the functional instability of the protein. An important factor contributing to this difficulty is that TSHR autoantibodies predominantly recognize highly conformational epitopes (which are not necessarily identical with those that bind TSH) (Nagayama et al. 1991 , Tahara et al. 1991 .
The lack of labeled TSHR antigen has made it impossible to develop a direct immunoprecipitation clinical assay for pathological TSHR autoantibodies. The only clinical assay used at present is the indirect assay of 125 I-TSHbinding inhibition using porcine TSHR from thyroid glands solubilized with detergent. It is clear that a direct immunoprecipitation assay would be a great advantage in Graves' disease diagnosis and investigation, because it may be capable of detecting all autoantibodies to the TSHR, particularly those that bind but do not inhibit the hormone-receptor interaction.
In the present study we report a method for the purification and radioactive labeling of human TSHR expressed in HeLa cells using recombinant vaccinia virus. Isolated 125 I-labeled TSHR could be useful for the direct immunoprecipitation analysis of pathological autoantibodies in unfractionated sera of patients with Graves' disease.
Materials and Methods

Materials
Bovine 125 I-TSH (56 Ci/g) and TRAK assay kits were gifts from Brahms Diagnostica, Berlin, Germany. Streptavidin-agarose was purchased from Sigma, Diesenhofen, Germany. Protease Xa and N-glycosidase F were obtained from Boehringer-Mannheim, Mannheim, Germany. Na 125 I (1000 Ci/mmol) and the ECL Western blotting detection kit were purchased from Amersham, Braunschweig, Germany. NCL-TSHR mouse monoclonal antibodies against the extracellular domain of TSHR were obtained from Novocastra Laboratories (Newcastle, UK). DNA primers, P1 (5 -GTCGGTT ACCATGAAGGCCGCATGGAAGCGCCAGCAGCA G-3 ) and P2 (5 -CGCGGATCCTTATTCGATAACA ACAAGCGGTTC-3 ) were purchased from Interactiva (Uem, Germany).
Cell culture
HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1 mM biotin. The cells were cultivated in a 5% CO 2 atmosphere at 37 C.
Addition of Xa protease site sequence to TSHR-BIO cDNA
The plasmid p7·5K131-TSHR-BIO contains the sequence for the N-terminal 725 amino acids of human TSHR linked to the 87-amino acid C-terminal domain of the biotin carboxyl carrier protein (BCCP) subunit of Escherichia coli acetyl-CoA carboxylase (Minich et al. 1998) . The BCCP sequence was amplified by PCR using primer P1 (containing the BstEII restriction site and the sequence for the Xa protease site) and primer P2 (containing the stop codon and the BamHI restriction site) giving the BstEII/BamHI PCR fragment. The p7·5K131-TSHR-BIO plasmid (Minich et al. 1998) was digested with BstEII and BamHI; the BstEII/BamHI fragment was removed and replaced with the BstEII/BamHI PCR fragment giving vaccinia recombination plasmid p7·5 K131-TSHR-Xa-BIO.
Generation of vaccinia virus recombinants
The TSHR-Xa-BIO cDNA (from p7·5K131-TSHRXa-BIO plasmid) was incorporated into the genome of wild-type vaccinia virus strain Copenhagen by homologous recombination into the thymidine kinase gene as described in detail by Metzger et al. (1994) and Minich et al. (1997) .
Preparation of TSHR-Xa-BIO extract
Confluent HeLa cells grown in a 75 cm 2 plate were infected with 1 plaque forming unit of recombinant vaccinia virus per cell and incubated for 24 h at 37 C. Infected cells were resuspended by scraping into PBS and washed four times in the same buffer by centrifugation at 2500 r.p.m. The resulting cells were lysed in 0·3 ml buffer A (20 mM Hepes-KOH, pH 7·5, 50 mM NaCl, 1% Tween 20, 10% glycerol) by freeze/thawing. The suspension was centrifuged at 30 000 g for 1 h, and the supernatant (8 mg/ml total protein) was collected and dialyzed overnight against buffer A to remove free biotin.
Endoglycosidase-F digestion
The HeLa cells infected with recombinant vaccinia virus (see above) were lysed in 0·15 ml 1% Nonidet P40 in PBS by freeze/thawing, insoluble material being removed by centrifugation at 30 000 g for 1 h. The supernatant was diluted with an equal volume of 0·1% SDS in PBS. Then 2 units of N-glycosidase F was added to 20 µl extract, and the mixture was incubated at 37 C for 16 h and analyzed by Western blotting.
Immunoprecipitation analysis
For immunoprecipitation, 40 µl 125 I-TSHR (16 000 c.p.m.) was mixed with 10 µl serum (or mixture of sera) and incubated for 2 h at room temperature. Then 20 µl 50% suspension of Protein A-agarose in buffer A was added and the mixture was incubated for 1 h at room temperature with shaking. After removal of the supernatant, the resin was washed with 0·3 ml buffer A by centrifugation, and radiation in the pellet was counted. Results were expressed as c.p.m. bound. For SDS-PAGE, the pellet was resuspended in 20 µl SDS sample buffer and analyzed in an 8% polyacrylamide gel.
Binding assay for the 125 I-TSH and Graves' autoantibodies
Binding of 125 I-TSH and patient autoantibodies to solubilized porcine TSHR (or solubilized human TSHR) was measured using the TRAK assay kit according to the manufacturer's instructions. The assay was performed in a total volume of 200 µl, containing 50 µl TSHR solution, 50 µl serum and 100 µl 125 I-TSH (20 000 c.p.m.). Incubation was for 2 h at room temperature; the 125 I-TSH-TSHR complexes were precipitated by adding 2 ml polyethylene glycol and centrifugation at 2000 g for 10 min, and radiation in the pellet was counted. Results were expressed as c.p.m. bound or as an inhibition index (%) calculated as: 1 (c.p.m. in the presence of test serum )/(c.p.m. in the presence of zero standard serum).
Non-specific interaction was determined in the presence of 10 7 M TSH; it was less than 10% of total binding.
In the case of immobilized TSHR, the 125 I-TSHbinding assay was performed as described above, except that 50 µl 20% suspension of TSHR bound to streptavidin-agarose was used. The mixture was incubated for 2 h at room temperature with continuous agitation. After removal of the supernatant, the resin was washed with 0·3 ml buffer A by centrifugation, and radiation in the pellet was counted. Non-specific interaction was determined in the presence of 10 7 M TSH; it was less than 10% of total binding.
Western blotting
Proteins were electrophoresed in SDS-8% polyacrylamide gel and transferred to nitrocellulose membranes. Membranes were probed overnight at 4 C with NCL-TSHR monoclonal antibody to the extracellular domain of TSHR, diluted 1:20. Bound antibodies were detected using the ECL Western blotting detection kit.
Results
Construction of fusion TSHR and its expression in HeLa cells
We fused the DNA sequence encoding the N-terminal 725 amino acids of human TSHR (complete protein has 764 amino acids) to the sequence encoding the 4-amino acid Xa protease cleavage site and the 87-amino acid C-terminal domain of the BCCP subunit of E. coli acetyl-CoA carboxylase. The fusion protein (TSHR-Xa-BIO) was produced using the vaccinia virus expression system. Figure 1 (lane a) shows a Western blot analysis of HeLa cell extract infected with recombinant vaccinia virus containing the TSHR-Xa-BIO cDNA insert. The major band has a molecular mass of about 100 kDa, which is in a good agreement with the expected molecular mass of TSHR-Xa-BIO. No receptor protein was detected in cells infected with wild-type vaccinia virus (Fig. 1, lane d) . The efficiency of TSHR-Xa-BIO biotinylation in infected HeLa cells was determined by chromatography on streptavidin-agarose. The amount of TSHR-Xa-BIO in the HeLa cell extract was diminished by more than 90% after incubation of the extract with streptavidin-agarose (Fig. 1, lanes a and b) . In control experiments, the amount of TSHR-Xa-BIO in the cell extract was not decreased after incubation with streptavidin-agarose that had been pretreated with excess biotin (Fig. 1, lane c) . These data show that more than 90% of TSHR-Xa-BIO in the HeLa cell extract was biotinylated. Treatment of cell extract with N-glycosidase F decreased the molecular size of TSHR-Xa-BIO from 100 kDa to about 80 kDa (Fig. 1 , lanes e and f ). This experiment shows that TSHR expressed by vaccinia virus is N-glycosylated.
The expression parameters and features of TSHR-Xa-BIO were practically identical with those of biotinylated TSHR (TSHR-BIO), the expression of which in the vaccinia virus system has been described in detail previously (Minich et al. 1998) . HeLa cells infected with recombinant virus were found to express approximately 120 000 molecules of TSHR-Xa-BIO per cell. The receptor was fully functional, interacting with TSH and coupling with the cellular cAMP second-messenger cascade (data not shown).
The protease Xa site in the TSHR-Xa-BIO chimera was completely susceptible to cleavage by the Xa factor (Fig. 2) . The biotinylated TSHR was bound to streptavidin-agarose, washed free of contaminating proteins and the amount of immobilized receptor estimated by measurement of its 125 I-TSH-binding activity. Figure 2 shows that Xa treatment completely removed TSHR-Xa-BIO from streptavidin-agarose. At the same time biotinylated TSHR without the factor Xa cleavage site (TSHR-BIO) was insensitive to Xa digestion over a wide range of protease amounts. 
Purification and labeling of TSHR
TSHR was isolated from HeLa cells infected with recombinant vaccinia virus. The concentration of expressed protein was similar in different cell extract preparations, and was about 1 nM according to Satchard analysis (data not shown). TSHR was purified by a three-step procedure. We describe in the following a representative experiment out of a total of five protein isolation experiments. All operations except those indicated were perfomed at 4 C. The amount of TSHR was estimated from its 125 I-TSH-binding activity.
Step 1: immobilization of biotinylated TSHR-Xa-BIO on streptavidin-agarose TSHR-Xa-BIO HeLa cell extract (5 ml) was passed through a 0·5 ml streptavidin-agarose column, equilibrated with buffer A. The column was washed with 100 ml buffer A and 5 ml 50 mM sodium phosphate buffer (pH 7·5) to remove contaminating proteins. With this ratio of extract to resin, about 50% of TSHR-Xa-BIO was bound to streptavidinagarose. 125 I-TSH-binding capacity of the original cell extract and flow through fraction was 120 000 and 55 000 c.p.m. per 5 ml respectively, i.e. approximately 65 000 c.p.m. of ' 125 I-TSH-binding activity' was immobilized on streptavidin-agarose.
Step 2:
125 I-labeling of streptavidin-agarose-bound TSHR-Xa-BIO Streptavidin-agarose with immobilized TSHR-Xa-BIO was transfered to an Eppendorf tube, and 1 mCi Na 125 I and chloramine T (to final concentration of 0·005 mg/ml) were added. Control experiments demonstrated that this amount of chloramine T did not affect the TSH-binding activity of immobilized TSHR (Table 1) . The mixture in a total volume of 1 ml was incubated, with shaking, for 1 min at room temperature. The reaction was terminated by the addition of 2 µg dithiothreitol. The resin was transfered to a column, which was washed with 50 mM sodium phosphate buffer (pH 7·5) and 100 ml of buffer A to remove unbound radioactive material.
Step 3: elution of 125 I-labeled TSHR from streptavidin-agarose using Xa protease The streptavidin-agarose with immobilized protein was washed with 3 ml buffer B (50 mM Tris-HCl, pH 8·0, 100 mM NaCl, 1 mM CaCl 2 , 1% Triton X-100, 10% glycerol, 3 mg/ml BSA).
125
I-labeled TSHR was eluted by incubation, with constant agitation, of the column matrix with 1·25 ml buffer B containing 3 µg protease Xa for 12 h at 4 C. The suspension was centrifuged at 14 000 r.p.m. for 10 min, and the supernatant containing 125 I-TSHR was collected. The 125 I-labeled TSHR was purified from low molecular mass 125 I-containing material (probably Na 125 I) using spin filtration on Sephadex G-25. For this purpose, 1·25 ml of the protein solution was applied to the 7 ml Sephadex G-25 column equilibrated with buffer B. The column was centrifuged at 2000 r.p.m. for 5 min. The flowthrough fraction (1·25 ml) containing the 125 I-TSHR preparation was aliquoted and stored at 70 C. Finally, we isolated 0·6 10 6 c.p.m. TSHR (50 l) extract was incubated with 10 l streptavidin-agarose. The resin with bound receptor was washed with buffer A and 50 mM sodium phosphate buffer (pH 7·5). The immobilized TSHR was incubated with different amounts of chloramine T, followed by the addition of NaI (1 M conditions but with non-radioactive NaI) showed that isolated receptor was active, binding 40 000 c.p.m. 125 I-TSH per 1·25 ml TSHR preparation. Non-specific interaction was determined in the presence of 10 7 M TSH; it was less than 10% of total binding. As assessed by measuring the TSH-binding activity, the yield of TSHR was 30% of that in the original cell extract and 60% of the streptavidin-agarose-immobilized TSHR. Taking into acount the amount of TSHR in 5 ml of cell extract (see above) and the yield of TSHR, we can calculate the approximate amount and specific activity of isolated 125 I-TSHR. They should be in the region of 0·2 µg and 1·5 Ci/g (1·5 10
I-labeled TSHR. Control experiments (performed under identical
5 Ci/mol) TSHR respectively. On the basis of the specific activity of Na 125 I, we can calculate that 20% of TSHR molecules in the receptor preparation are labeled.
SDS-PAGE and autoradiography of 125 I-labeled TSHR gave one major band with a molecular mass of about 90 kDa, which is in a good agreement with the expected molecular mass of cleaved TSHR (Fig. 3, lane a) . A band of the same size was detected by Western blot analysis of the 125 I-TSHR preparation using antibodies against the extracellular domain of TSHR (Fig. 3, lane b) . Moreover, Fig. 3 (lanes c and d) shows that the 90 kDa protein can be effectively immunoprecipitated using a mixture of five highly positive Graves' disease sera, but not by a mixture of five normal sera (in this experiment a mixture of the last five Graves' disease sera and a mixture of the first five normal sera shown in Fig. 4 were used) .
Detection of Graves' autoantibodies in patient sera using 125 I-labeled TSHR
125 I-labeled TSHR was used for the detection of pathological autoantibodies in sera of patients with Graves' disease by immunoprecipitation analysis. The reaction mixture contained test serum, 125 I-labeled TSHR and Protein A-agarose. At the end of the incubation period, antibodies-Protein A-agarose-bound radioactivity was pelleted, and radiation in the pellet was counted. The amount of TSHR autoantibodies in the patient sera is proportional to the measured radioactivity. Control studies, which included the binding of patient autoantibodies and 125 I-TSH to solubilized porcine TSHR, were performed using a TRAK assay kit. In this case, autoantibodies were assayed by their ability to inhibit 125 I-TSH binding to the TSHR. There was a clear positive correlation (r=0·9; P<0·001) between the result obtained in the immunoprecipitation assay and the TRAK assay in 25 sera of patients with different degree of Graves' disease and 25 normal sera (Fig. 4) . All Graves' disease sera tested immunoprecipitated 125 I-TSHR; binding was in the range 2000-4000 c.p.m. and up to 25% of added radioactivity was bound. The serum concentration used in the reaction represents the linear part of the binding curve generated using the most positive Graves' serum, with an inhibition index of 75%. The normal sera bound 125 I-TSHR with lower efficiency, in the region of 400-1000 c.p.m. The level of non-specific binding of 125 I-TSHR by Protein A-agarose in the absence of serum was about of 300 c.p.m. Experiments with autoimmune control groups have shown that 125 I-TSHR was precipitated with low efficiency by sera obtained from 10 patients with Hashimoto's disease and 10 patients with insulin-dependent diabetes mellitus. The 125 I-TSHRprecipitating activities were in this case comparable to those of the control sera, showing binding values in the range 300-900 c.p.m. (data not shown). All of these sera were also unable to inhibit 125 I-TSH binding to porcine TSHR; their inhibition indexes were 0·5-8%.
Discussion
We have previously described the expression of biotinylated TSHR, TSHR-BIO, in HeLa cells using recombinant vaccinia virus (Minich et al. 1998) . In the present work we prepared a biotinylated TSHR, TSHRXa-BIO, containing a site for blood coagulation protease factor Xa cleavage at the junction between TSHR and the biotin acceptor domain. TSHR-Xa-BIO was produced in HeLa cells using the vaccinia virus expression system. This system has been shown to be well suited for the production of functional, correctly processed and glycosylated TSHR (Minich et al. 1997 (Minich et al. , 1998 Lane c, autoradiography of 125 I-TSHR precipitated by a mixture of five normal sera (the first five normal sera shown in Fig. 4 were used). Lane d, autoradiography of 125 I-TSHR immunoprecipitated by a mixture of five Graves' disease sera (the last five Graves' disease sera shown in Fig. 4 were used). Protein was separated on 8% polyacrylamide gels. Molecular size markers are given in kDa.
binding TSH and Graves' autoantibodies. The isolation method is based on the use of two highly selective purification stages: (a) immobilization of TSHR-Xa-BIO on streptavidin-agarose, and (b) selective elution of bound TSHR-Xa-BIO by protease Xa cleavage.
The binding of biotinylated TSHR to streptavidinagarose is very effective, because streptavidin has an exceedingly high affinity for biotin, with a K d of 10 15 M, one of the strongest non-covalent bonds known between a protein and a ligand. The immobilized protein was radioiodinated using the chloramine T oxidation procedure directly on the solid phase. Solid phase labeling allowed quick and efficient (i.e. without loss of protein) removal of unreacted radioiodide from the reaction mixture. Moreover, after this stage, the 125 I-TSHR could be kept and eluted later in the presence of BSA and another agent to stabilize the receptor activity.
It is well known that the extremely tight binding of biotinylated proteins to avidin or streptavidin cannot be reversed under non-denaturating conditions. Thus 125 I-labeled TSHR was selectively eluted (freed of the biotinylation segment) from streptavidin-agarose by specific factor Xa cleavage. Factor Xa is a serine protease which recognizes and cleaves the peptide bond following the tetrapeptide sequence -Ile-Glu-Gly-Arg-with a high degree of specificity. This protease has often been used in the processing of recombinant fusion proteins (Nagai & Thogersen 1987) . The method described can be very useful for isolation/radiolabeling of different proteins. Moreover, proteins can also be isolated in a nonradioactive form, using commercially available biotinylated Xa factor, which can easily be removed from the reaction mixture by chromatography on streptavidin-agarose. A similar strategy was described by Osuga et al. (1998) for isolation of the ectodomain of human TSHR. They used a fusion between the TSHR ectodomain and a singletransmembrane domain of CD8 connected by a thrombincleavage site. The isolated protein was able to bind TSH and neutralize the stimulatory effects of Graves' antibodies on cAMP production.
The interest in labeled TSHR antigen is based on the possibility of its use for the detection of pathological autoantibodies. Previously, in vitro translated 35 S-labeled TSHR has been claimed to interact with Graves' autoantibodies (Morgenthaler et al. 1996) . However, others were unable to detect any specific binding between in vitro translated 35 S-TSHR and Graves' autoantibodies or TSH (Prentice et al. 1997) . We have now shown that 125 I-labeled TSHR prepared by our method could be useful for the immunoprecipitation analysis of pathological autoantibodies in unfractionated sera of patients with Graves' disease. All Graves' disease sera tested were positive in the immunoprecipitation assay, as they bound 125 I-TSHR more effectively than normal sera, and there was a clear positive correlation between the immunoprecipitating activity and the TSH-binding-inhibiting activity of different sera. The methodology described in this paper could be used for future development of a direct immunoprecipitation assay for TSHR autoantibodies. This assay would be capable of detecting all pathological autoantibodies to TSHR, not only those that inhibit hormone-receptor interaction, and thus could be very useful in the diagnosis and investigation of Graves' disease. 
